E2Fs are key regulators of cell-cycle progression, and their transcriptional activities are regulated by histone acetyltransferases (HATs). Retinoblastoma (Rb) family proteins (pRb, p107 and p130) bind to E2Fs and inhibit their transcriptional activities by disrupting HAT binding and recruitment of histone deacetylases. In this study, we show that IjB kinases (IKKa or IKKb) activation inhibits cell growth and E2F-dependent transcription in normal human fibroblasts. The inhibition of E2F by IKKs was not observed in cells lacking nuclear factor (NF)-jB/p65; however, it was observed in cells lacking three Rb family genes. p65 disrupted the physical interaction between activator E2Fs (F2F1, E2F2 and E2F3) and the HAT cofactor transactivation/transformation-domain associated protein, resulting in a reduction in E2F-responsive gene expression. Furthermore, IKKa and IKKb directly phosphorylated E2F4, resulting in nuclear accumulation and enhanced DNA binding of the E2F4/p130 repressor complex. Our study describes a novel growth inhibitory system that functions by Rb-independent suppression of E2Fs by the IKK/NF-jB signaling pathway.
Introduction
The E2F family of transcriptional factors is important in cell-cycle regulation by controlling the expression of genes that mediate cell-cycle progression, DNA replication and DNA synthesis (Trimarchi and Lees, 2002; Frolov and Dyson, 2004) . Eight mammalian E2F family members (E2F1-F8) have been identified, and they can be divided into distinct subgroups based on their function. E2F1-6 require dimerization with members of the DP family (DP1 and 2) to form functional transcription complexes on DNA; however, E2F7 and 8 can bind to DNA without forming this dimerization (DeGregori and Johnson, 2006) . E2F1-3 function as transcriptional activators and form complexes with histone acetyltransferases (HATs) p300 and CBP (Trouche et al., 1996; Ait-Si-Ali et al., 2000) . Alternatively, they act by recruiting the HATs Tip60 and GCN5 to their target gene loci through their essential cofactor transactivation/transformation-domain associated protein (TRRAP) (McMahon et al., 1998; Lang et al., 2001; Taubert et al., 2004) . Repressor E2Fs (E2F4 and 5) are localized in the nucleus when bound to the hypophosphorylated retinoblastoma (Rb) family proteins, which are induced by upregulation of the cyclin-dependent kinase (CDK) inhibitors p21 and p16, and appear to be involved in the repression of E2F-responsive genes by assembling transcriptional repressor complexes, including histone deacetylases (HDACs), the chromatin remodeling complex SWI/SNF and histone methyltransferases (Ferreira et al., 2001) . E2F6-8 all appear to be transcriptional repressors, but the precise characteristics of these members remain unclear. On the basis of these transcriptional properties, the transcriptional upregulation of E2F-responsive genes during the G 1 /S-phase transition is conferred by the replacement of repressor E2Fs with activator E2Fs at the E2F-binding element in their responsive gene promoters (Takahashi et al., 2000) .
Nuclear factor (NF)-kB is a critical regulator of immune and inflammatory responses, and it is also known as an important responder against various stresses, for example, ultraviolet light, ionizing irradiation and oxidants (Karin and Ben-Neriah, 2000; Li and Verma, 2002) . NF-kB is a heterodimer comprising RelA (p65) and p50 subunits, which is sequestered in the cytoplasm by its association with the inhibitor of NF-kB (IkB). In response to proinflammatory cytokines such as tumor necrosis factor a (TNFa) and also stresses, NF-kB is activated by IkB kinases (IKKa and IKKb)-mediated phosphorylation-induced IkB degradation (Li and Verma, 2002) . It is well established that NFkB is important in cancer development (Li et al., 2005; Karin, 2006) , and it has also been demonstrated that NF-kB promotes lymphocyte (Li and Verma, 2002) and mammary epithelial cell proliferation (Brantley et al., 2001) . In contrast, a number of studies have supported the antiproliferative effect of NF-kB. For example, p65 overexpression in epithelial cells obtained from human skin leads to cell-cycle arrest (Seitz et al., 2000) , and transgenic overexpression of p65 or the degradation-resistant form of IkBa in the murine epidermis induces epidermal hypoplasia and hyperplasia, respectively (Seitz et al., 1998) . Mouse embryonic fibroblasts (MEFs) depleted of IkBa, IkBb and IkBe expression display an increased amount of nuclear translocation of NF-kB and a slow-growth phenotype (Tergaonkar et al., 2005) .
In this study, we demonstrated that the IKK/NF-kB signaling pathway negatively regulates cell proliferation in normal human fibroblasts. IKKa and IKKb directly activate the E2F4/p130 repressor complex, and the NFkB/p65 activated by IKKs disrupts the interaction between the activator E2Fs and TRRAP. This results in a reduction in E2F-responsive gene expression and inhibition of cell growth. Our present study reveals a novel Rb-independent suppression system for E2Fs that functions by the IKK/NF-kB signaling pathway.
Results
IKKa/b suppress cell growth and the expression of E2F-responsive genes To analyse the importance of IKKa and IKKb in cell growth, we introduced the wild-type (WT) or constitutively active (CA) form of IKKa or IKKb into TIG-3 human primary fibroblasts using a retrovirus. Both IKKa CA and IKKb CA markedly reduced TIG-3 cell proliferation, but IKKa WT and IKKb WT had almost no effect (Figure 1a ). IKKa CA-or IKKb CAexpressing cells exhibited enhanced nuclear translocation of NF-kB ( Figure 1b) and an approximately 40% reduction in the number of S-phase cells, accompanied with an increase in the number of G 1 -phase cells (Supplementary Figure S1A) , suggesting that the G 1 /S progression is suppressed by IKK activation. To characterize the nature of the suppression of G 1 /S progression by IKKs, we examined the expression of E2F-responsive genes using RNA blotting. As shown in Figure 1c , cdc6, cyclin A and cdc2 expression levels were reduced in both IKKa CA-and IKKb CA-expressing TIG-3 cells. Furthermore, IKKa CA and IKKb CA inhibited activator E2F (E2F1, 2 and 3)-dependent transcription of luciferase reporter genes linked to the E2F-binding sites (Figure 1e ). However, IKKa WT and IKKb WT had little effect (Supplementary Figure S1B) , suggesting that the kinase activity of IKKa and IKKb is critical for the inhibition of E2F-dependent transcription. We also confirmed this effect using native promoters of E2F-responsive genes and found that IKKa CA and IKKb CA suppressed the E2F-mediated activation of the E2F1 and cdc6 promoters (Supplementary Figure S1C ). In principle, E2F activity is considered to be negatively regulated by its association with the hypophosphorylated Rb family proteins. However, we detected a stationary hyperphosphorylated form of pRb and failed to detect any increase in the hypophosphorylated form of pRb and cell-cycle regulators (for example, p53, p21 and p16) that induce pRb hypophosphorylation ( Figure 1d) . Therefore, the inhibition of E2F activity by IKKa CA or IKKb CA was not mediated by induction of pRb hypophosphorylation. As shown in Figure 1e , this result was strongly supported by the fact that the IKK-mediated inhibition of E2F1-dependent transcription was observed even in MEFs lacking all three Rb family proteins (Rb
; Rb triple knockout). Next, we investigated whether IKK-induced NF-kB participates in the IKK-mediated inhibition of E2F function. To address this issue, MEFs lacking NF-kB/p65 (p65 À/À MEFs) were subjected to a reporter assay. p65 À/À MEFs did not exhibit the inhibition of the E2F1-dependent transcription by IKK, although the reintroduction of p65 restored it (Figure 1f) . Furthermore, IKK-mediated growth inhibition was not observed in TIG-3 cells infected with retrovirus encoding a degradation-resistant form of IkBa (Supplementary Figure S2) , in which nuclear translocation of NF-kB was significantly suppressed (Wang et al., 1996) . These findings indicated that NF-kB was essential for the IKK-induced inhibitory effect on activator E2F-dependent transcription and cell growth.
IKKa/b decrease binding of activator E2Fs to their responsive gene promoters To examine the importance of the IKK/NF-kB signaling pathway in the inhibition of E2F function in detail, we closely monitored changes in the expression of E2F-responsive genes following IKK activation using TIG-3 cells infected with adenoviruses that express IKKa CA or IKKb CA (Ad-IKKa CA or Ad-IKKb CA). At 24-36 h after infection, nuclear translocation of NF-kB was strongly induced (Figure 2a) , and accompanying this, the mRNA expression of cyclin A was markedly reduced (Figure 2b ). Accordingly, transient IKK activation reduced the levels of the E2F-responsive gene products cyclin A and E2F1 (Figure 2c ). However, the phosphorylation status of pRb did not change during this period. We further analysed the binding of E2Fs to their responsive gene promoters in chromatin following IKKa CA or IKKb CA expression. A significant interaction of E2F1-4 and p130 with the cyclin A and E2F1 promoters was observed in asynchronously growing cells (Figure 2d , left), and IKK CA selectively prevented activator E2Fs (E2F1, 2 and 3) from interacting with the cyclin A and E2F1 promoters, whereas E2F4 and p130 exhibited recruitment to these promoters ( Figure 2d , middle and right).
The binding of E2F1 to the TRRAP/HAT complexes is impaired by the IKK signaling pathway To prevent a change in the E2F1 expression level that is directly regulated by E2F1 itself, we generated TIG-3 cells that constitutively express Myc-tagged E2F1. The protein levels of cyclin A and endogenous E2F1, but not ectopically expressed E2F1, were suppressed by IKKa CA or IKKb CA (Figure 3a) . Although the protein level of DP1, the DNA-binding partner of E2Fs and the dimerization between E2F1 and DP1 remained virtually unchanged (Figures 3a and d) , IKKa CA and IKKb CA reduced the DNA-binding activity of ectopically expressed E2F1 (Figure 3b , open arrowhead). As E2F1 binds to DNA more efficiently after the HAT-mediated acetylation of E2F1 (Martinez-Balbas et al., 2000; Marzio et al., 2000) , we next examined whether the acetylation status of E2F1 was affected by IKKs and found that the transient activation of IKKa or IKKb suppressed E2F1 acetylation ( Figure 3c ). To investigate the importance of IKKs in the regulation of the acetylation status of E2F1, we examined the relationship between p65 and the complex formation of E2F1 with TRRAP, an essential cofactor in HAT recruitment. Following IKKa CA or IKKb CA expression, E2F1 interacted with p65 and simultaneously dissociated from TRRAP ( Figure 3d ). Moreover, ectopically expressed p65 associated with E2F1, resulting in a disruption of the interaction between E2F1 and TRRAP ( Figure 3e ). HAT activity assays showed that this association also inhibited the recruitment of HATs to E2F1 (Figure 3f ). The other activator E2Fs, 2 and 3, also exhibited similar manner of interaction with p65 and TRRAP (Supplementary Figure S3A ). However, no interaction could be detected between E2F4 and p65 (Supplementary Figure S3B) , suggesting that IKK-induced p65 directly inhibits activator E2F-dependent transcription by blocking the binding of activator E2Fs to the TRRAP/HAT complexes. Furthermore, we confirmed the contribution . Nuclear extracts were subjected to gel-shift analysis using the NF-kB oligonucleotide probe (b). RNA was isolated and subjected to RNA blotting using the indicated probes (c). Whole-cell extracts were subjected to immunoblotting using the indicated antibodies (d). (e) NIH3T3 cells and Rb À/À /p107 À/À /p130 À/À (retinoblastoma triple knockout, Rb TKO) mouse embryonic fibroblasts (MEFs) immortalized according to the 3T3 protocol were transfected with the luciferase reporter plasmid containing eight E2F-binding sites (E2F Â 8-Luc), the Flag-E2F1 expression vector, and the indicated HA-IKK expression vectors. As an internal control, pCMV-RL was cotransfected. Firefly luciferase activity was assessed 48 h after transfection, and normalized to renilla luciferase activity. Bars indicate the standard errors of the results for the independent assays in triplicate. The expression from these constructs was verified by immunoblotting. (f) Wild-type (WT) and p65 À/À MEFs infected with retroviruses-encoding p65 or an empty vector were transfected with E2F Â 8-Luc together with the E2F1 expression vector and the indicated IKK expression vectors, and then subjected to reporter assays as in (e). Whole-cell extracts were subjected to immunoblotting for examination of the relative p65 expression level.
Rb-independent suppression of E2F by NF-jB K Araki et al of TRRAP to E2F-dependent transcription using RNAi, and demonstrated that E2F-mediated transcriptional activation was suppressed from one-half to one-third by TRRAP knockdown (Supplementary Figure S4) .
IKK-mediated phosphorylation of E2F4 enhances nuclear accumulation and DNA binding of the E2F4/p130 repressor complex As observed from the result in Figure 3b , we also found that the amount of nuclear E2F4/DNA complexes had increased (solid arrowhead). This suggested that IKKa CA and IKKb CA enhance the DNA binding of E2F4, in contrast to the inhibition of the binding of E2F1. We found that potential IKK phosphorylation sites (DpSGCXpS/T) (Karin and Ben-Neriah, 2000; Huang et al., 2007) are present in human (amino acids 280-285) and mouse (amino acids 281-286) E2F4 (Figure 4a ). Indeed, IKKa and IKKb phosphorylate E2F4 but not mutant E2F4 (E2F4 SSAA) in vitro, in which the serine residues in the potential phosphorylation sites had been converted to alanine residues ( Figure 4b ). As shown in Figure 4c , IKKa CA and IKKb CA induce nuclear accumulation of E2F4 WT/p130 repressor complex. In contrast, the amount of nuclear-expressed E2F4 SSAA was higher than that of E2F4 WT; however, the nuclear accumulation of E2F4 SSAA was not enhanced by IKKa CA and IKKb CA. Although the amount of nuclear-expressed E2F4 SSAA and its associated p130 in IKKa CA-or IKKb CA-expressing cells was comparable to that of E2F4 WT (Figure 4c ), we barely detected any E2F4 SSAA-DNA interaction (Figure 4d ), indicating that the IKK-mediated phosphorylation of E2F4 at serines 281 and 285 enhances nuclear accumulation and DNA binding of the E2F4/p130 repressor complex.
TNFa-induced growth retardation is mediated by the IKK signaling pathway Current evidence indicates that TNFa inhibits keratinocyte and fibroblast proliferation (Aggarwal et al., 1995; Banno et al., 2004) and that the expression of E2F-responsive genes is suppressed in endothelial cells exposed to TNFa (Spyridopoulos et al., 1998 (Figure 5e , top). It was also shown that nuclear accumulation (Figure 5e , bottom) and phosphorylation (Figure 5f ) of E2F4 by TNFa were only observed in control cells. Indeed, as shown in Figure 5g , after TNFa treatment, chromatin immunoprecipitation (ChIP) analysis showed that TRRAP was no longer interacting with the cyclin A promoter and the were infected with adenoviruses expressing HA-IKKa CA, HA-IKKb CA or control adenovirus. Nuclear extracts were prepared at the indicated times postinfection and subjected to gel-shift analysis using the nuclear factor (NF)-kB oligonucleotide probe (a). RNA was isolated at the indicated times postinfection and probed with cyclin A and (GAPDH) (b). Nuclear extracts were prepared at the indicated times postinfection and subjected to immunoblotting using the indicated antibodies (c). At 36 h postinfection, chromatin immunoprecipitation (ChIP) assays were performed with antibodies specific to the individual E2F family members and p130. DNA fragments from the promoter regions of E2F1 and cyclin A were amplified by PCR (d).
Rb-independent suppression of E2F by NF-jB K Araki et al interaction of E2F4 was slightly enhanced in control cells. In response to TNFa stimulation, the binding of TRRAP to the cyclin A promoter was not affected in IKKa/b DKD cells. This result showed that the TNFa-induced dissociation of TRRAP to the cyclin A promoter is IKK dependent. In IKKa/b DKD cells, the binding of E2F4 and p130 to the cyclin A promoter was reduced in response to TNFa stimulation, suggesting that TNFa inhibits E2F4 DNA binding in the absence of IKKa/b. Taken together, it is suggested that the TNFa-induced growth inhibition can be ascribed to the suppression of E2F-dependent transcription by the IKK/NF-kB signaling pathway.
Discussion
Here, we have described a novel growth-controlling mechanism that proceeds by the IKK/NF-kB signaling pathway, in which the IKK-mediated nuclear translocation of NF-kB and phosphorylation of E2F4 cause concomitant suppression of E2F-responsive gene expression (Figure 6 ). This inhibitory effect is Rb independent and does not require de novo protein synthesis, such as induction of CDK inhibitors. That is also supported by our present results, which revealed that the activation of the IKK/NF-kB signaling pathway did not completely suppress cell Nuclear extracts were immunoprecipitated with the anti-Myc antibody, and then subjected to immunoblotting using antibodies against acetylated lysines (Ac-Lys) and E2F1 (c). Immunoprecipitation was performed using the anti-Myc antibody, and the immunoprecipitated complexes were immunoblotted using the indicated antibodies (d). (e, f) Nuclear extracts were prepared from 293T cells transfected with the HA-E2F1 expression vector, and then immunoprecipitated using monoclonal anti-HA-conjugated agarose. The resulting immunoprecipitates were mixed with other nuclear extracts prepared from 293T cells that had been transfected with a Flag-TRRAP expression vector with or without the Myc-p65 expression vector. The mixtures were further immunoprecipitated using anti-HA-conjugated agarose, and the immunoprecipitates were analysed by immunoblotting (e). The immunoprecipitated complexes were also analysed by an in vitro HAT assay. Results represent the average of three independent experiments (f).
Rb-independent suppression of E2F by NF-jB K Araki et al growth and E2F-dependent transcription. Hence, it is implied that this system operates in favor of cell growth inhibition and not cell-cycle arrest. These findings indicate the existence of an emergency inhibitory system for cell growth that responds to NF-kB-mediated acute inflammatory, immunological and stress responses. IKK-mediated inhibition of E2F1 activity and cell growth were, respectively, barely detected in the absence of NF-kB/p65 (Figure 1f ) and NF-kB nuclear translocation (Supplementary Figure S2) . These results suggested that only an increase in nuclear accumulation and DNA binding of the E2F4/p130 repressor complex are insufficient for the inhibition of activator E2F-dependent transcription and cell growth. However, this phenomenon may be important for maintaining gene silencing by E2F4/ p130-mediated recruitment of HDACs to E2F-responsive gene promoters. At present, it remains controversial whether activator E2F-mediated transactivation or elimination of the E2F4/pocket protein repressor complexes is mainly responsible for the transcriptional upregulation of E2F-responsive genes (Rowland and Bernards, 2006) .
Together by these two mechanisms, the IKK/NF-kB signaling pathway sophisticatedly inhibits E2F-dependent transcription, resulting in the inhibition of cell-cycle progression.
Many lines of evidence have demonstrated importance of the IKK/NF-kB signaling pathway in the growth promotion of many cancer cells (Tu et al., 2006; Huang et al., 2007) . Actually, in contrast to parental TIG-3 cells, the level of cyclin A was enhanced in both IKKa CA-and IKKb CA-expressing tumorigenic transformed cells (Supplementary Figure S5C) , which were established by serial infection with retroviruses encoding the simian virus 40 (SV40) early region (ER), c-Myc and H-ras ( Supplementary Figure S5A and B; Hahn et al., 2002; Boehm et al., 2005) . In these cells, nuclear translocated p65 hardly associated with E2F1 and could not disrupt the interaction between E2F1 and TRRAP (Supplementary Figure S5D) . Accompanied with enhanced expression of E2F-responsive genes, IKK CA-expressing cells exhibited increased cell proliferation (Supplementary Figure S5E) . At present, we cannot completely explain the difference in the effect of the IKK signaling pathway between normal and transformed cells. It is possible that transformation-induced modification or association molecule(s) affect the E2F1-p65 interaction. As a result, transcriptional target gene products of NF-kB, for example, cyclin D1 and Bcl-XL (Li et al., 2005; Karin, 2006) , promote growth and survival of transformed cells. To understand the mechanism of oncogenesis, it will be useful to clarify such a conversion system for the IKK/NF-kB signaling pathway-mediated growth regulation.
TNFa is produced as a local response to infection and tissue injury, and is known as the principal regulator of diverse inflammatory and immune processes (Aggarwal, 2003) . The IKK/NF-kB signaling pathway has an opposite effect on cell growth regulation in lymphocytes and other tissue cells that may be advantageous in acute reaction and late regeneration phases. The IKK/NF-kB signaling pathway induces growth suppression in specific cell types such as normal epidermal keratinocytes (Seitz et al., 1998) , as well as normal fibroblast TNFα   E2F1  TRRAP  E2F4  p130  IgG  Input  E2F1  TRRAP  E2F4  p130  IgG  Input   -+   E2F1  TRRAP  E2F4  p130  IgG  Input  E2F1  TRRAP  E2F4  p130 ( Figures 1a and 5d ). Mice with epidermis-specific deletion of IKKb develop a severe inflammatory skin disease (Pasparakis et al., 2002) . These results suggested that the IKK/NF-kB signaling pathway-mediated growth inhibition may maintain the barrier function of the epidermis, whose perturbation results in severe inflammation. Therefore, the IKK/NF-kB signaling pathway may be important in the maintenance of a well-balanced interplay between lymphocytes and other tissue cells. The results reported in this study raise an important consideration regarding the molecular machinery linking the IKK/NF-kB signaling pathwaymediated inflammatory response and cell proliferation. 
Materials and methods

Cell
Retroviral vectors and retroviral infections
We generated pBabe-hygro vectors expressing IKKa, IKKa CA, IKKb and IKKb CA. Replacing serine residues with glutamic acid residues at positions 176 and 180 in IKKa and positions 177 and 181 in IKKb, resulted in the generation of IKKa CA and IKKb CA, respectively (Delhase et al., 1999) . pBabe-hygro Myc-E2F4 SSAA was generated by replacing serine residues at positions 281 and 285 with alanine residues. Retroviral vectors that encode shRNAs against human IKKa or IKKb were constructed by cloning suitable oligonucleotide sequences (5 0 -GCAATTAAGTCTTGTCGCC-3 0 or 5 0 -GGA GATCCAGATCATGAGA-3 0 ) into the pSUPER-retro-puro vector (OligoEngine, Seatle, WA, USA) or the pSINsi-hU6-Neo vector (Takara, Shiga, Japan), respectively. Infected cell populations were selected in either hygromycin (300 mg/ml) or puromycin (3 mg/ml) for 3 days and in neomycin (600 mg/ml) for 6 days. For the proliferation assays, 5 Â 10 4 TIG-3 cells were seeded in 6-cm dishes, and the cell numbers were counted over a 5-day period with a Vi-Cell Image Analyzer (Beckman, Fullerton, CA, USA).
Gel-shift analyses
Gel-shift analyses were performed using 5 mg of nuclear extracts incubated with 2 ng of radiolabeled probes. With regard to the supershift assays, anti-Myc (9E10), anti-E2F1 (C-20), anti-E2F4 (A-20), anti-p130 (C-20) and anti-DP1 (Upstate Biotechnology) antibodies were added to the reaction mixture (20 mM Hepes (pH 7.9), 6 mM MgCl 2 , 1 mM EGTA, 1 mM dithiothreitol, 0.1% Nonidet P-40, 10% glycerol, 30 mg of bovine serum albumin and 2 mg of dI-dC for the NF-kB reaction or 2 mg of sonicated salmon sperm DNA for the E2F reaction). The following double-stranded oligonucleotides were used as probes: a NF-kB-binding sequence in the immunoglobulin promoter, 5 0 -AGCTTCAGAGGGGACT TTCCGAGAGGTCGA-3 0 for NF-kB; an E2F-binding sequence in the E2F1 promoter 5 0 -CGTGGCTCTTTCGCGGC AAAAAGGATTTGGCGCGTAAAAGT-3 0 for E2F.
Chromatin immunoprecipitation assays TIG-3 cells were crosslinked by the addition of 1% formaldehyde and incubated for 10 min at 37 1C. ChIP assays were performed using a ChIP Assay kit (Upstate Biotechnology) according to the manufacturer's protocol. HAT activity assays HAT activity assays were performed using a HAT Assay Reagent kit (Upstate Biotechnology) according to the manufacturer's protocol. Nuclear extracts obtained from 293T cells were immunoprecipitated with monoclonal anti-HA-conjugated agarose, and to the precipitated complexes, 2 mg of purified chicken erythrocyte histones and 10 mM acetyl-CoA containing [ 3 H]acetyl-CoA (0.25 mCi/ml) in HAT assay buffer were then added and incubated at 30 1C for 30 min. After centrifugation, supernatants were spotted on P81 phosphocellulose paper and washed three times with 10% trichloroacetic acid and once with 95% ethanol. Bound radioactivity was counted using a liquid scintillation counter.
In vitro phosphorylation assays Whole-cell extracts obtained from 293T cells were immunoprecipitated with anti-HA monoclonal antibody (16B12), and the precipitated complexes were then incubated at 30 1C for 30 min in a 10 ml reaction mixture containing 100 mM adinosinetriphosphate, 0.05 mCi [g-32 P] and 5 mg of WT or SSAA mutant of glutathione S-transferase (GST)-E2F4 (amino acids 251-306). After SDS-polyacrylamide gel electrophoresis (PAGE), phosphorylated GST-E2F4 was visualized using autoradiography.
In vivo phosphorylation of E2F4 Cells were incubated in phosphate-free DMEM for 1 h, and then labeled with [ 32 P]orthophosphate (200 mCi/ml) dissolved in phosphate-free DMEM for 3 h. Whole-cell extracts were prepared after stimulation with TNFa (100 ng/ml) for 10 min and immunoprecipitated with the anti-E2F4 antibody (A-20).
After SDS-PAGE, phosphorylated E2F4 was visualized using autoradiography.
Colony formation assays
Retroviral vectors (pBabe-blast, -neo and -puro) were used to introduce the SV40 ER, c-Myc and H-ras into TIG-3 cells, respectively. Infected cell populations were selected in blastcidin (2.5 mg/ml for 6 days), neomycin and puromycin. For the colony formation assays, a 0.5% (w/v) bottom layer of low melting point agarose in normal medium was prepared in sixwell culture plates. On top, a layer of 0.6% agarose containing 1 Â 10 5 retrovirally infected TIG-3 cells was placed.
Cell-cycle analysis Cells were cultured for 4 h in the presence of bromodeoxyuridine (BrdU). The amount of BrdU incorporated into the chromosomal DNA and the DNA content were detected using the FITC-anti-BrdU antibody and 7-amino-actinomycin D, respectively, according to the manufacturer's instructions (BrdU Flow Kit; BD Biosciences, San Jose, CA, USA), followed by flow cytometric analysis (FACS Calibur; BD Biosciences).
Adenoviral infections
The pAd/CMV/V5-DEST vector (Invitrogen, Carlsbad, CA, USA) was used according to the manufacturer's instructions (ViraPower Adenoviral Expression System; Invitrogen) to generate recombinant adenoviruses expressing HA-IKKa CA and HA-IKKb CA. The cells were infected with adenoviruses at a multiplicity of infection of 150.
